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transitions at the critical temperatures (T c ) of -147.15 °C, -123 °C [1] , 68 °C [2] and 280 °C [3] , respectively. Among other vanadium oxides, VO 2 has received much interest in recent years, due to its potential application as a solar control coating. Since buildings account for ~40% of the total world energy consumption, primarily due to heating and cooling demands, and most of the energy loss occurs through windows, VO 2 coatings on windows can be used to reduce these energy demands [4] . This reduction in energy consumption could lead to lower greenhouse gas emissions, in line with the Paris agreement to limit human-induced climate change to less than 2 °C above pre-industrial levels.
Thermochromic smart window technology is based on a temperature induced fully reversible structural phase change from a high temperature tetragonal rutile structure to a low temperature monoclinic structure [5] . A remarkable feature of the monoclinic phase is the presence of V-V pairs along its a-axis. During this first order phase transition, the tetragonal rutile form transforms to an alternate V-V separation, resulting in a small lattice distortion along the c-axis, leading to a different pairing of vanadium atoms and a distinct band structure in each phase [6] . In the monoclinic phase (for temperatures below T c ), the material is transparent to both UV-Vis and NIR irradiation, therefore the solar radiation and associated heat will reach the interior of the building. Above T c, the material becomes highly reflective of near IR wavelengths whilst still being transparent to visible wavelengths. In this way, the heat gain from solar radiation will be high in winter and much lower in the summer, reducing the building's energy demand in terms of heating and cooling, respectively [7] . The thermochromic performance is characterised by ΔT, the percent transmittance modulation between the cold and hot stage (Equation 1) [8] . Wavelength integrated luminous and solar transmittance values are expressed by equation 2:
(1) (2) where T(λ) denotes the transmittance at wavelength λ, φ lum (λ) is the photophic spectral sensitivity of the light-adapted eye (CIE (2008) physiologically-relevant 2-deg V(λ) luminous efficiency functions), and φ sol (λ) is the solar irradiance spectrum for air mass 1.5 corresponding to the sun at 37° above the horizon (ASTM G173-03 reference spectrum, direct radiation + circumsolar).
For VO 2 to find application in glazing technologies, the transition temperature of these materials has to be reduced from ca. 68 °C, for typical undoped VO 2 materials, to temperatures between 20 and 25 °C, in order to maximise the time the coating spends in the higher temperature state and thus decrease the need for air conditioning [9] . There have been several approaches reported to lower the T c of VO 2 materials. The majority of these studies have looked at doping films with high valence transition metals such as W, Nb and Mo. It has been suggested that doping with high valence transition metals reduces the T c through the injection of electrons into the V 3d valence bands, which destabilises the V-V pairs; and promotes the tetragonal VO 2 (R) phase, lowering the energy required for the phase transition [8] . Tungsten has been found to be the most efficient dopant, lowering T c by 19-31 °C per at% [10] [11] . Other dopants explored include molybdenum [12] , fluorine [13] , niobium [14] , magnesium [15] and cerium [16] .
Alkali metal dopants such as Li, Na and K have only been studied theoretically by Cui et al using first principles calculations [17] . In this study, Na and K were found to effectively decrease the T c as well as improve the transmittance modulation in the NIR region, by narrowing the bandgap of VO 2 . The calculations showed that a doping level of 1 at% reduced the phase transition temperature of VO 2 by 43 °C, 49 °C, 94 °C for Li, Na and K, respectively. To the best of our knowledge, these dopants have not yet been reported in any experimentally. We herein report the deposition and characterization of VO 2 films doped with Na and K.
EXPERIMENTAL DETAILS Sample Preparation
In this work, undoped and Na and K doped VO 2 films were fabricated by solgel spin coating followed by a subsequent annealing step [18] . Firstly, 5.2 mL vanadium oxytriisopropoxide (Aldrich, 98 %) was dissolved in 69 mL 2-propanol (Sigma-Aldrich, 98%), under constant stirring. Then, 0.61 mL of acetyl acetone (VWR Chemicals, 99 %) was added dropwise to this solution, and the solution was stirred for 15 min. To this solution 6.86 mL of acetic acid (Sigma-Aldrich, 99.8 %) was added dropwise, and left to stir for a further 15 min. For the doped samples, either sodium acetate or potassium acetate (both Sigma-Aldrich, 99,9 %) was added to the VO 2 sol (0.3 at% of dopant) and left to age overnight. The amount of dopant incorporated was chosen to give a T c value close to room temperature. From these solutions, VO 2 films were produced by sol-gel spin coating and subsequent annealing. Prior to the spin coating, silica glass substrates provided by Pilkington were cut into 2 cm × 2 cm pieces, and washed with detergent, water, and acetone. The slides were sonicated in 2-propanol, for 20 min and dried under flowing N 2 . Spin coating was carried out firstly at 500 rpm for 5 s, and then 3000 rpm for 40 s. Five layers of VO 2 were coated. The as-deposited films were heated to 450 °C at a heating rate of 10 °C min -1 and annealed at this temperature for 15 min under a 5% H 2 -95% N 2 environment, at a flow rate of 1 L min -1 . Details of the sample characterization are given in the supplementary information.
RESULTS AND DISCUSSION

Film Characterization
All of the VO 2 films produced were dark yellow/brown in color, typical of VO 2 films [19] and exhibited good adherence to the substrate. They were resistant to brass and steel styli and passed the scotch tape test. The annealing conditions were optimized for plain VO 2 films first. Thermochromic vanadium dioxide films were obtained at 450 °C using an annealing time of 15 min. Higher annealing temperatures of 500-600 °C and longer annealing times of 30-120 min did not result in the formation of VO 2 which can be explained by a further reduction of V 4+ to V 3+ . The annealing method described in this paper allowed the crystallization of VO 2 at an exceptionally low annealing temperature using a short annealing time [20] . The crystalline nature of all films was corroborated by XRD experiments as shown in Figure 1 left. The bottom XRD pattern shows the diffractogram of the plain vanadium dioxide film which only give rise to some weak diffraction peaks which could be assigned to the monoclinic phase VO 2 (M) (P 2 1 /c, JCPDS Card No 72-0514). The XRD pattern of the sodium-doped film, as shown in the middle, shows the coexistence of two polymorphs. Beside the peaks which could be assigned to the VO 2 (M) phase, intense diffraction peaks for the monoclinic VO 2 (B) phase could be observed (JCPDS Card No 81-2392). For the potassium-doped films (top pattern) only peaks for the VO 2 (B) phase were observed. It is known from experiments on macroscopic crystals that doping with lower valent metal cations could stabilize different polymorphs of VO 2 at room temperature such as VO 2 (M2) and VO 2 (T) [21] . The formation of the VO 2 (B) phase could be explained by strain induced by the dopant. Similar observations were made for sol-gel derived W-doped VO 2 films where a high amount of tungsten dopant (8 at%) was reported to result in the isolation of the VO 2 (B) phase [22] . The chemical environments and vanadium oxidation states of doped films were investigated by XPS (Figure 1 right) . The O1s spectra was deconvoluted to give three environments which are attributed to VO x , O-C and O-H species [23] . Although the K 2p region was scanned, there was no detectable K signal for the K doped sample. In both the Na and K doped samples there was a trace amount of Na present, but this was below the reliable detection limit of XPS (1 at%) and therefore these are not presented here. This suggests that for both dopant types, the concentration of the dopants is well below 1 at%, as expected, consistent with minimal incorporation of the dopants into the VO 2 lattice. Figure 2 shows SEM images of the doped and undoped films. All three films exhibited complete surface coverage. Inclusion of sodium or potassium in the precursor solution resulted in a significant change in the surface morphology of the coated films, similar to that in previously reported W doped films at a similar doping level [22] . As shown in Figure 2a the surface of the undoped VO 2 film is comprised of small nanoparticles with an average size of ca. 15 nm evenly covering the substrate. On doping with Na (0.3 at%), there was a dramatic change in the microstructure, with films exhibiting an irregular and porous morphology. Compared to the undoped VO 2 coating, the Na doped film consisted of islands with a plate-like structure, giving the surface a porous appearance. The K doped (0.3 at%) VO 2 film exhibited a similar morphology to the Na doped film, with an irregular and porous appearance. However this sample had a smaller grain size showing coalesced particles of 50 nm diameter. From these micrographs it can be concluded that very low amounts of dopants could effectively change the surface morphology. The film thicknesses were directly measured from sideon micrographs. For the undoped VO 2 film, thickness was found to be 140 nm; while Na and K doped films had thicknesses of 125 and 130 nm, respectively ( Figure S1 ). Figure 3 shows the thermally induced reversible spectral changes in the UV-Vis-NIR transmittance for the studied un-doped and doped VO2 films between room temperature and 80 °C. All films showed a temperature-dependent transmittance modulation, even though the XRD diffractograms showed only poor crystallinity for the plain VO2 film and polymorphism for the doped films. The percent transmittance modulation at 2500 nm (ΔT2500), solar and luminous transmittance values (Tsol and Tlum) as well as critical transition temperatures (Tc) are tabulated in Table 1 . The percentage change in the transmittance (ΔT2500 nm) between cold and hot states was 25% for the un-doped VO2 film. This result is in good agreement with previous reports on undoped VO2 thin films [24] [25] . Both dopants resulted in an increase of the NIR transmittance modulation of 31% and 41%, for the K and Na doped films, respectively. The undoped VO2 film exhibited a solar modulation of 3.8%, which is comparable to those reported for thin films prepared by sol-gel methods [22] [25] [26] . Potassium doping resulted in an increase of ΔTsol to 5.4%, with that for sodium doping even higher at 9.4%, comparable to that seen in W doped films [22] , and higher than alkaline earth metal (Ca, Sr, Ba) doped VO2 films [19] . Even though these Na and K doped films exhibited poorly crystalline structures, their solar modulation abilities and Tlum values were found to be similar to those of previously reported crystalline films of undoped VO2, which had ΔTsol values of 3.2% [27] and 7.1% [28] . The Tlum values of the Na and K doped films in the present study are higher than those of well crystallised undoped VO2 films prepared by the sol-gel method, where Tlum was 23.8% [10] . However, for highly crystalline undoped VO2 films prepared by sputtering and CVD methods, higher Tlum values are reported, with Tlum = 51.6% [29] and 48.7% [28] , respectively. Therefore, in terms of Tlum values, there is still a room for improvement; by producing well-crystallised films. Notwithstanding, the sol-gel method still offers a versatile and easy way to fabricate VO2 films with enhanced thermochromic properties, compared to sputtering and CVD methods which require sophisticated equipment set-up and limitations in terms of precursor selection. The hysteresis width and the transition temperature of the coatings were calculated by plotting d(Transmittance)/d(Temperature) vs. Temperature and, determining the minima of the curves, as shown in Figure S2 . A critical transition temperature of 62 °C (T c ) was observed for the undoped VO 2 film, which is slightly lower than the critical temperature of bulk VO 2 (68 °C). A decrease in T c is found upon incorporation of both dopants, with values of 57 °C and 47 °C for Na and K dopants, respectively. The degree of reduction of T c is consistent with the calculation based work reported by Cui et al. [17] . Extrapolation of the values presented by Cui et al. [17] , for the dopant levels in the present study (0.3 at%) would correspond to transition temperatures of 53 °C and 40 °C, for Na and K dopants, respectively, which is in reasonable agreement with the observed results. It has been shown by previous studies that the reduction in T c upon doping is caused by the injection of charge carriers in the V 3d valence band of VO 2 destabilizing the low temperature monoclinic phase. The hysteresis width increases slightly upon doping from 19 °C for the undoped VO 2 film, to 20 °C and 24 °C for the Na and K doped films, respectively. In contrast, the transition temperature width, given as the FWHM of the peaks in Figure S2 , decreases on doping, rendering the transition less diffuse. As the phase transition is triggered by extrinsic nucleation sites, the incorporation of a dopant is thought to reduce the hysteresis width as observed for tungsten doped films [22] . The low dopant concentration as well as other effects such as grain size and grain boundaries could explain the observed slight increase in hysteresis width.
Optical and Thermochromic Properties
CONCLUSIONS
We investigated the influence of sodium and potassium doping on the thermochromic properties of the VO 2 thin films prepared by sol-gel spin coating. The films were annealed at 450 °C for a very short time (15 min), which is lower than the temperatures usually employed to obtain thermochromic VO 2 films. Both dopants (at 0.3 at%), improved the ΔT 2500 nm from 25% to 31% and 41%; and ΔT sol to from 3.8% to 9.44% and 5.43% for undoped, sodium doped and potassium doped films, respectively. Both dopants lead to a reduction the thermochromic transition temperature, with sodium lowering it to 57 °C, and potassium to 47 °C. The results are in good agreement with the theoretical calculations of Cui et al. [17] . Thus potassium doping is seen to be more effective in reducing T c than sodium doping, whereas sodium doping results in higher NIR transmittance modulation and ∆T sol values. Doping with alkali metals offers a cheap and easy way to reduce the transition temperature, and increase the transmittance modulation in the NIR, along with enhanced solar modulation. This study provides considerable insights to the production of alkali metal doped VO 2 films by a simple solgel method, as well as the application of these films in smart windows.
